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STUDY OF COMPRESSOR SYSTEMS FOR A GAS-GENERATOR ENGINE
By Bernard I. Sather and Max J. Tauschek

SUMMARY

Varlous methods of provliding compressor-capaclty and pressure-
ratio control in the gas-generator type of compound engine over a
range of altitudes from sea level to 50,000 feet are presented.

The analytical results Iindicated that the best method of con-
trol is that in which the first stage of compression is carried
out In & variable-speed supercharger driven by e hydraulic slip
coupling., The second stage of compression could be elther a rotary
congtant-pressure-ratio-type compressor or & piston-type compressor,
both driven at constant speed. The anslysis also indicated that
the veriation of the value of the load coefficient for the first
and second stages of the rotary constant-pressure-type compressor
cambination was within reasonable limits and that the valve timing
of the plston-type campressor could be kept constent for the range
of altltudes covered. With respeoct to engime performance, other
control schemes also appeared feesible. A varisble-area turbine
nozzle was shown to be unnecessary for crulsling operation of the
engine.

INTRODCTION

An ansalysis of en aireraft-propulsion system known as a piston~
type gas-generator englne ls presented in reference 1. In this
power plant a two-stroke-cycle, compression-Iignition engine drives
& compressor, which In turn suppliles air to the engine. No other
sheft work ig abstracted from the engine. The gases from the gen-
erator comprising the compressor-engine camblnatlon are then ubtl-
lized in a twrbine, which produces the net useful work of the cycle.
A diagrarmmatic sketch of this power plant is shown in figure 1.

The analyslis of reference 1 indicates that such an engine may
have low specific weight comblned with low fuel consumption of the
order of 0,32 pound per brake horsepower-hour, which has been con-
firmed, to a certain extent, by the experimental results reported
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in reference 2. The reference snalysis 1s ldealized, however, in
that the problem of engine control was not considered. In order for
the performance of an actuval engine to approach that of the ldeal
curves, at least three steps must be accomplished: (1) A compres-
gor that is capable of operating over a renge of alr flows and
pressure ratios must be obtained; (2) similarly, a turbine that will
operate over the range of air flows and preasure ratios must be
ob'&ained.; and (3) satisfactory means of maintaining proper engine
limits (peak cylinder pressure and turbine-inlet temperature) must
be evolved.

The first of the preceding steps, which pertalns to the conbrol
of compressor cepacity and compression ratio, 1s treated herein., The
specific obJective of thls investlgation, which was corducted at the
NACA Lewis laboretory, ls to evaluate various comblnations of com-
pressors and driving mechanlems with respect to engine performance
a8 & functlon of altitude. Because it 1s currently impoasible to
make a complete evaluatlon with due consideration for such items as
compressor welght, develomment problems, and control stabillty, the
present analysis is based on the degenerstlon of the power output
and the fuel econcmy of the gas-generator engline in question when
campared with the ideal englne. Some quallitative discussion of com~-
pressor welght, however, is included.

METHOD OF ANALYSIS

The various compressor=-control systems that were Investigsted
included the following coubimations of elementa:

(1) Constant-pressure-ratio coampressor with throttled inlet

(2) Multistage constant-pressure-ratio compressor with firast
stage (supercharging stage) driven by three~apeed gear

(3) Multistage constant-pressure~-ratio compressor with first stage
(supercharging stage) driven by hydraulic s8lip coupling

54) Constant-volume single~stage compressor

5) Constant-volume compressor with throttled inlet

(8) Constant-volume compressor with meens of varying volumetric
capacity

(7) Supercharged constant-volume compressor comprising constant-
pressure-ratio first stage (supercharging stage) driven by
hydraulic slip coupling followed by final stage of compres-
sion in congtant-volume compressor

In the preceding list, the terms "constant volume" and "constant
pressure" refer to compressors exhibiting these characteristics at
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constant speed or effective speed. Thus the centrifugal com-

pressor or the mixed-flow compressor would most nearly rep-

resent the constant-pressure-ratlo group. The constant-volume class
would include any of the positive-displacement campressors, such as
the pleton-type compressor or Roots blower. The axisl-flow com-
pressor would also fit into this class if sultable means were avall-
able for broadening its operating renge so &s to maintain high effi-
clency over a wide range of pressure ratios and alr flows. Schematic
dilagrams of the various systems are shown in flgurs 2, g

These possible cambinations were derived by setting up the
1deal requirements for the compressor for the gas-generator englne
and then selecting the compresgsor systems most likely to fulfilll
these demands, The ideal requirements for the compressor (fig. 3)
were computed from reference 1. IEngine speed was not included as
a conbrol means because of the necegsity for keeping the scavenge
ratlo within reasonable limits (reference 1). Thus, (a) if means
were provided for keeping the scavenge ratio constant, such as a
variable-area turbine nozzle, the reduction in engine speed neces-
gary to decrease the compressor-pressure ratlo to the required
value as albtitude is decreased (fig. 3) would result in greatly
reduced alr welght flow and hence reduced engine power output; and
(b) if no means are provided for controlling scavenge ratlo at
will, as in the case of the flxed-area turblne nozzle, reduction
in engine speed would result in increasing the scavenge ratlo and
hence burner mixture ratio beyond the usable range.

All the cambinatlons were investigated with the analysis of
reference 1l used as a basls. The changes required in the analysls
as & result of the use of a specific compressor are given in the
appendixes. All the combinatlons were amalyzed with a fixed-area
turbine nozzle and, in addlition, systems 2 to €& were also treated
with a variable-area nozzle.

In analyzing the varlous ccombinatlons, the design conditions
of the compressors were set to provide sufficlent capacity and
pressure ratio for engine operatlion at an altitude of 20,000 feet.
At thls altlitude, the engine was assumed to operate wlth design
operating limits of peak cylinder pressure of 1600 pounds per
square inch, turbine-inlet temperature of 1800° F, and scavenge
ratio of 1.0. For calculatlons of operation at higher altitudes,
the turbine-inlet temperature and the compressor speed were held
constant and the peak cylinder pressure was allowed to decreass.
At lower altltudes, the generator-inlet pressure was so variled as
‘o maintaln both engine limits, unlese the characterlstics of the
coampressor system precluded this posslbility, in which case the
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cylinder pressure was allowed to vary. When turbine-nozzle area
was fixed, it was lwpossible to hold the scavenge ratlc to a con-
gtant value of 1.0 at altitudes othexr than the design altitude
because under choked conditions the area of the turbine nozzle
determines the gas flow through the engine; however, the value of
scavenge ratlo dld not vary greatly from 1.0 over the range of alti-
tudes congidered. When the area of the turbine nozzle was made
variable, the scavenge ratio waa kept constant at a value of 1.0,
The scavenge ratio of the ideal gas-generstor engine was 1.0 for
&ll altitudes,

Systems 2, 3, and 7, which utllize a rotary supercharging
compressor, were so arranged that the supercharger .operated at
rated speed at an altitude of 20,000 feet and ldled at sea level.
In the system Involving the three-speed gear combination, the
gsupercharger wae assumed to ldle at a pressure ratio of 1 at alti-
tudes below 10,000 feet and to operate 1n the low-speed gear ratio
at altltudes between 10,000 and 20,000 feet. Above 20,000 feet,
the supercharger operated in high speed.

The over-all efficlency of any combination of compressors was
mede equal to 0.85 at an altitude of 20,000 feet. Although this
practice resulted 1n rather high stage efficiencles, it was neces-
sary that the data agree wlth that of referemce 1 at this basglc
condition. The lack of accurate date on the efficlencies of
constant-volume compressorsa, as, for example, that of the axial-
Tlow compressor at off-design conmditions or the piston-type com-
pressor at high piston speeds, precluded comparison of the
constant-~-pressure and constant-volume compressors on an efficiency
basis, The most reliable NACA data on efficiency of plston-type
compressors, however, indlcate values in the range from 0.85 to
0.95, which 1s entirely campatible with the general assumption.

No changes 1n efficiency with changes in the specific flow for the
constant-pressure compressors were considered; instead, the pres-
gure ratios of these compressors were limited to values that would
permit a moderate operating renge. This limitetion was necessary
in order to avold conslderatlons of compressor design, which are
beyond the scope of thls report.

RESULTS AND DISCUSSION

Because of the inherent &ifferences in compressor character-
istics, the resulis of the analyses of constant-pregsure~ratio
compressors and constant-volume compressors are discussed separately.
The effects of fixing the turblne-nozzle area and of designing for
high altitudes are also considered.
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Constant-Pressure-Ratloc Compressor

Effect of throttling, - The effect of throtiling the ccmpressor
Inlet as a control means is shown in filgure 4, which shows that
throttling provides a means of maeinteining the engine limits (peak
burner pressure and turbine-inlet temperature) in the altitude
range up to 20,000 feet, but that the englne is pemnalized by large
reductions in brake output. Thils penalty ls a natural result of
the high compressor power load in the gas-generator type of engine.
Consequently, although throttling is consldered %o be applicable
to the gas-generator englne with the constant-pressure-ratio com-
pressor, 1t is undeslirable from a standpoint of low-altlitude power
ocutput.

Effect of three-gpeed supercharging-compressor drive. - An
Inspection of figure 5 I1ndilcates that the performance of & gas-
generator engine with a three-speed superchargling compressor is
subject to large power losses at altitudes Just below those at which
the gear changes take plece. This fact, coupled with the difficulty
of providing & change gear and a clutch capsble of handling the
required powers, indicates that this system is undeslirable for gas-
generator application.

Effect of hydraulic-sglip-coupling supercharging-compressor
drive, - The performance of the gas-generator engine when equipped
wlth a multistage constant-pressure-ratlioc compressor comprising a
supercharging compressor driven by a bhydraulic slip coupling and
followed by a constant-speed flnel campression siage is presented
in figure 6. It will be noted that only a small losa in power
between ses level and 20,000 feet occurs when the coupling is used.
The efficiency aof the coupling is a linear functlon of the slip;
it is equel %o zero at 100-percent slip and approaches 100 percent
as the slip approaches zero. DBecause the compressor torque varies
with the square of the speed, 1t can be shown that the coupling
power loss is a maximum at S5O0-percent slip, and 1s equal to one-
fourth of the full-load compressor power if the alr flow yemalns
constant. Furthermore, the compressor driven by the coupling
comprises a fraction of the total compressor 1ln the gas-generator
engine, The amall coupling-power loss relative to the total com-
pressor losd indicates a loglical reason for the small influence
of the coupling on the over-all performance of the gas-generator
engine,
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Constant-Volume Compressor

In the case of the constant-volume ccmpressor, the piston-type
compressor, in particular, has numerous inherent unique advantages
for gas-generator-engine applications, some of which may be listed
as follows:

1078

(a) Provides a compact, light machine for operation at the low
alr flows and high pressure ratios required by the gas-generatar
engine.

(b) Possesses a broader operating range (high efficiency over
wide range of pressure ratios and ailr flows) than equivalent rotary-

compressor types.

(c) Permits a higher compressor effilclency to be obtalned at
high pressure ratios,

(4) Delivers a positive supply of air under all operating con-
ditions, Ilncluding starting and 1dling.

Advantage (a) deserves some elaboration. The same piston-type
compresaor 1s capable of operating over an extremely wide range of
pressure ratlos, for example, from 2 up to values of 20 or 25. A%
the same tilme, the welght is fixed by structural stiffness require-
ments, so that little If any chenge ln welght accompanies a change
in pressure ratio. In the egquivalent constant-pressure-ratic com-
pressor, an increase 1n pressure ratio can be obtalned only by -
staging with a consequent increase 1n welght. Thus, as the required
pressure ratio ls lncreased, the plston-type compressor becomes
lighter relative to the constant-pressure compressor.

Also, because of the staging required to obtain high pressure
ratlios, the efflclency of each stage of the constant-pressure cam-
nressor must be extremely high in order that the over-all efficlency
of the constant-pressure~compressor ccmbinatlon may approach the
efficlency easlly attainable with the constant-volume piston-type
campressor (on the order of 0.85). The fact that such efficiencies
may not be obtalnable with the constant-pressure compressor increases
the desirability of using the piston-type compressor.

The prime advantage of the constant-preasure compressor 1s,
of course, its extremely high volume-flow capacity, leading to a low
gpecific weight. At low volumetrlic flow rates, however, thls advan-
tage dilsappears to a certain extent because of the difficulty of -
designing these compressors with small flow pessages and clearances
and with high rotational speeds.
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Consequently, the ideal cilrcumstances for the use of the
piston-type campressor are low volume-flow rates and high pressurs
ratios, These circumstances are present in the gas-generator engline,
particularly in the £inal stages of compression.

The size of the piston-type compressor need not be excessive.
The ratioc of compressor volume 0 burner volume is 10.35 for the
cage of the gas-generator engine with the unsupercharged plston-
type compreossor and the fixed-area bturblne nozzle at 20,000 feet.
If the compressor is supercharged for all altitudes other than ses
level, thls retlio becames 6.0l. If supercharging is used also for
gea-level operatlon, however, the compressor-volume — burner-volume
ratic may be made to approach unity. Inlet rem due to £light speed
further reduces the regquired volume ratic. Furthermore, fitting
the required coampressor volume into the gas-generator englne and
furnishing the necessary reclprocating motlion is not a great design
problem, In certaln engine configurations, such as the axial enginse,
the reclprocating motion is readily available and & compact, small-
Tfrontal-ares englne mey be easlly atteined. Further decresse in
size of the piston-type compressor may be obtalned by making the
campressor double-acting.

One disadvantage may be ascribed to the piston-type compres-
sor in that considersble work wlll be required to develop 1t into &
practical high-speed machine; however, thils same disadvantage
applies to rotary compressors required to operate at very high
pressure ratios and efficiencles,

From these practical conslderatlions, the plston-type compres-
sor seemed an attractlve cholce for a constant-volume-~type com-
pressor for use with the plston~type gas-generator engine, although
the results would be applicable to other forms of constani-volume
compressors. For these reasons, the piston-type compressor was
included in the anzlysls,

Effect of fixed-displacement constant-volume compresgsor. -
Figure 7 shows the performance of a gas generator using a fixed-
displacement piston-type compressor {that is, one equipped with
automatic compressor valves), as compared with the performence of
the ideal gas-generator engine. With this type of compressor,
rate of alr flow through the engline is substantially dependent wupon
only campressor speed. Consequently, wlth a flxed restriction In
the turbine, turbine-inlet pressure must increase until the flow
through the turbine matches that through the compressor. The
resultant high manifold pressures and compressor loads cause the
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burner pressure to increase above the limiting value at altitudes
below the 20,000-foot critical altitude; therefore, the system is
not usable.

Effect of throttled fixed-dlsplacement constant-volume com-
pregsoxr, - Throttling the exhaust from the fixed-dlsplacement
piston-type compressor will only make the situzation
burner pressure worse lnasmuch as such e change will increase the
compressor load withoult eppreclably affectling the manifold pres-
sure. Throttling the inlet to this compressor, however, permits
the alr Fflow and consequently the manifold pressure to be reduced
to a polnt at which limlting values of burner pressure are attalned.
at altitudes below the critical altitude. Actually, the compressox
load ls higher than that of the ideal engine, 80 the manifold pres-
sure must be lower than that of the ldeal engine, causing a reduc-
tion in performance., Flgure 8 shows the performance of such a
throttled engine. The large loss in brake output and the increase
in fuel consumptlion between 20,000 feet and seas level makes this
system unattractive for gas-generator use.

Bffect of variable-displacement constant-volume compressor. -
The performance of a gas-generator engine equipped with a varlable-
displacement compressor, that 1s, a plston-type compressor equipped
with mechanically actuated valves that permit variable timing with
thls device, 1s 1llustrated in figure ©. On the basis of engine
performance, this system 1s quite satlsfactory. The piston com-
pressor, however, must handle alr at embient atmospheric conditions.
Under this circumstance of high volumetric air flow, the piston
compressor may become relatively heavy as compared with equivalent
rotary types. This fact, in additlon to the valve complication,
makes this scheme undesireble for gas-generator use.

Effect of supercharged fixed-displecement constent-volume
compressor. - The use of a varlable-speed supercharger driven by a
hydraulic slip coupling with a flxed-displacement pilston-type
compresgsor affords a means of adjusting alr flow through the englne
and utllizing all the piston-type-compressor dlsplacement at all
altitudes. The performence of such a combination is presented in
figure 10, The curves of this figure indicate that this scheme is
the most promising of those incorporating a piston-type compressor.
It is interesting to note that, when & supercharging compressor ls
used, the time at which the recliprocating-campressor valves open
and close ls substantially constant with changes 1in altitude
(fig. 1l), so that mechanical valves with fixed timing can be sub-
gtltubted for the sutomatic valves without incurring a penalty in
englns performence.
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Comparison of Plston-Type and
Rotary Ccanpressors

The two most succesaful methods of satisfying the compressor
requirements in the gas-generator engine appear to be the use of
a variable-speed supercharging compressor followed by either a
constent-volume piston-type or a constant-pressure stage for com-~
mression of the air to burner-inlet pressure. Unfortunately, the
lack of data concerning the piston-type-compressor welghts and
efficlencies precludes & definilte evaluation of the two compressor
types. Figure 12 shows the performance of the two gas-generator
engines as calculated by the methods of this report. Below the
critical altltude, the performance of the combination with the
plston-type constant-volume compressor is slighily superior to
that obtalned with the constant-pressure combination. The slight
difference in performance between the two systems is caused by
the fact that the pressure ratio across the constant-pressure com-
pressors is a functlon of the inlet temperature, whereas that for
the reciproceting campressor ls constant.

The varlations of velues of load coefficient Q/n for the
first stage (supercharger) and second stage as a function of alti-
tude for the multistage rotary constant-pressure compressor with
first stage driven by a hydraulic glip coupling is shown In fig-
ure 13. Although the values of Q/n vary widely for the super-
charger below an altlitude of 10,000 feet, the tlp speed of this
compressor ls gqulte low, which may keep 1t out of a surging con-
dition. The variation of Q/n Ffor the second stage 1s within
pregent acceptable limits. The performance of thne supercharger
when used with the piston-type compressor l1s substantlally the
same as that shown in figure 13.

Effect of Variable-Area Turbine Nozzle

Examination of the data campering the fixed-arsa nozzle with
the variable-area nozzle (figs. 14 to 18) indicates that only a
slight reductlon ln performance is incurred through the use of the
flxed-area nozzle, Generally, a small drop ln power occurs at
altitudes below the 20,000-foot critical altitude, which is caused
by a change in scavenge ratio lncurred through lack of adequate
alr-flow control. In general, the power loss is small in com-
parison with the problems Ilncurred in the successful development
of such a device; therefore, the varilable-area turbine nozzle will
not be Purther consldered in this report.
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Effect of Designing for High Altitudes

The performance curve for the gas-generator engine egulpped
with a varlable-speed supercharger driven by & hydraulilc coupling
(fig. 6) indicates that some losses are incurred in going from sea
level to the design altltude. ZBecause these losses increase in
magnitude as the design altitude 1s ralsed, 1t 1is of interest to
examine the case in which the engline ls deaslgned for a very high
altitude. In flgure 18, the performance of the gas generator with
the varlable-speed supercharging compressor is shown when the
optimum altitude is 40,000 feet, It 1s noted that 1in this case,
the loss in brake output at moderate altitudes (0O to 20,000 £t)
is more serious than for the case of the engine designed for
20,000-foot optimum altitude. More brake output, however, 1s
available for climbing to an altitude of 40,000 feet and ahove,
and this engine should therefore be more satisfactory in applica-
tions where a high-altitude engine is warranted.

SUMMARY OF RESULTS

The results of the analysis presented hereln for various
methods of providing compressor-capacity and pressure-ratlio control
for the gas-generator englne operating over a range of altltudes
with constant peak cylinder pressure and constant turbine-inlet
temperature may be summarized as follows:

1, The best method of compressor control appeared to be that
In which the first stege of compression consisted of a variable-
speed supercharger that was driven by a bydyaulic slip coupling.
The second stage of compression could be elther a rotary constant-
ressure-ratio~-type compreasor or a piston-type compressor, both
driven at constant speed. The variation of load coefficient Q/n
for the first and second stages of compression when a constant-
pregsure-ratio final-compression stage was uged remained within
reagonable limlts over the altitude range consldered. With a
constant-volume campressor for final compression, the valve timing
of the piston-type compressor could be held constant over the alti-
tude range considered.

2. Other control methods, which appeared feasible with regerd
to englne performence, are the use of a constant-volume, platon-
type compressor with variable valve timing or a comstant-pressure
compressor, the flrst stage of which la driven by a three-speed
gear.

’

8L01



8L0T

NACA RM ES50HOS8 1l

3. Throttling genexrally produced large power losses at other
then the deslgn altitude in the gas-generstor engine.

4. FPor cruising operation of the engine, the camplication of a
variable-area turbine nozzle was not warranted.

Lewis Flight Propulsion Iaboratory,

Netional Advwd anrr Cramittee ffAar Aoromant
bt U e Whdik s LA T *W*J WML e W W el Wk

Cleveland, Ohio.
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APPENDIX A

SYMBOLS
The following symbols are used in thils report:
percentage cleerance in plgstom-type compressor

specific healt at constant pressure of compressor air,
0.243 Btu/(1b)(°R)

gpecific heat at comstant pressure of turbine gases,
0.270 Btu/(1b)(°R)

acceleration due to gravity, 32.2 f'b/sec2

lower heat of cambustion of fuel, 18,500 Btu/lb fuel
mechanical equivalent of heat, ft-1b/Btu

engine speed, cycles/sec |

total pressure, lb/sq in, absolute

burner-ezhaust pressure, 1b/sg in. absolute _
Purner-inlet manifold pressure, 1b/sq in. absolute
static pressure, 1b/sq in. absolute

ambient alr pressure, lb/sg in.

burner ccm@ression pressure, 1b/sq in. abeolute
loed coefficlemt, cu f£i/revolution |

pressure coefficient -of compressor

expansion ratioc of fluid in burmer

over-all mixture ratio, 1b fuel/lb air

mixture ratic in burner, 1b fuel/lb air

pressure ratio in piston-iype compressor

1€78
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<

pressure ratlo In first sbage of compression, rotery
compressor

pressure ratio in second stage of compression,
rotary compressor '

over-all pressure ratio across compressors

scavenge rabtlo (ratlo of volume of sir flowlng through
burner per cycle measured at burner-inlet conditions
to volume of burner)

temperature, °R

embient alr temperature, R

burner compression temperature, °R

meen ‘turbine-inlet temperature, °R

burner-inlet temperature, °R .

temperature in burner at end of scavenging, °R

volume, cu £t

total volume of burner above ports, cu £t

total volume of reciprocating compressor, cu £t

work of compressor, Btu/lb air

work of turbine, Btu/lb air

ratlo of specific heats of turbine gases

adisbatic over-all efficiency of robary compressor

burner brake thermel efficlency (actual)

adlabatic efficlency of pilston~-type compressor

adlabatic efficiency of rota:t-y compressoxr, flrst stage

adlabatic efficlency of rotary compressor, second stage

over-all adiabatic efficiency of compressor unit
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reduction-gear efficiency, 0.95

scavenging efficiency (ratio of volume of air remaining
in burner at end of scavenging process, measured ab
inlet conditions, to volume of burner)

effliclency of slip coupling

adiabatlic turbine efficlency, total to statlc, 0.85

density, 1lb/cu £t

r
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APTENDTX B

ANATYSTS OF CYCLE

In general.,, the analysis of the cycle 1s similar to that of
reference l. A condensetlianr of that anslysis is glven here for
canvenlence, Becauge reference 1 1s en ildealized analysls, certain
varistions must be made when considering the gas-generator engine
with regerd to control. These gpeclfic details will be presented
in the succeeding appendixes.

The following method of enalysis was used to estimate the
ideslized performence of the gas-generator engine.

Compresgor calculationse - The over-all performence of the

compressor it on the basis of work dame per poumd of air hsndled
is ’

Wy = oy o (TyT,) (B1)
vhere
piss 0.283
Iy = ﬂcao (R_p,o - ) + T, (82)

Scavenge efficlency and scavengs ratlo. - The scavenge ratio
of ‘the piston-type burmer 1s given by the equation

R, = 0.0910 ,J(J.-Pe/Pm) T (B5)

end the scavenge efficiency by the equation

-R
'qs=l—e 8

The temperature of the gases in the cylinder at the end of the
scavenge process is

T

SEEAES -

TS=

It ig assumed that the Inlet and exhaust manifolds are suf- -
flclently large 0 that total and static pressures are approxirmtely
squal.
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Burner efficlencys. ~ The brake thermsl efficlency of the
ristom-type burner is .

1 n
fy, = 0.925 - <__) (85)
RG
whez‘e_
n = 0.3867 - —-L25 - 0:043 (B6)
| 6.65 _ o Re
Bm,p

The relation bebtween the work of the compressor and the buyner
output 1s glven by the equation

Vg = MpBrbe (®7)

Becauge no simple relation between 10, and R, exists, a
trial ~and-error method of soclutlon is necessary.

The burner efficiency wasg filrst approximated by the equation

, \0-32
n,' = 0.925 - (-) (B8)
&

(The use of the prime on the symbols indicates an approximation.)
With this value, the over-all fuel-alr ratio was estimeted by

W
1 = o]
Tt Y (89)

This value of over-all mixbure ratio was modified to represent
approximately the mixbure ratlo exlisting in the cylinder by use of
the equation

Rm,b' = E&iﬁi&: (BlO)

Mg

With this value of Rm,b' s ‘the burmer-efficliency calculetions were
repeated and the corrected mixbure ratlios were found from equa-~
tions (B7) end (B1O).

1078
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Moximum burmer pressure. - Curves of the ratlo of idesal pesk
burner pressure to campression pressure as a functlon of mixture
ratio and with compression temperasture as a parameter were pre-
pared by use of the fuel-alr cycles and methods of reference 3
for the rich nixtures and by use of air cycles for very lean
mixtures. Thesge pressure ratlos were modified by the factor

F = - 3.75 Ry 3 + 1.0 (311)
to bring the ideasl retios into accordance with engine data.

Campresgsion pressure and temperature were computed from the
equetions

1.35
PC = Pe Re (BlZ)

0.35 .
T, =Ty R (813)

Turbine-~inlet temperature. - A heat balance applied to the
gas-generator englne showed that, with the assumption of & heat
loss egquivalent to 18 percent of the fuel-heat Input, the turblne-
Inlet temperature was glven by the equation

o (1-0.18) hoRy + op,gle (1+Rm) (B14)
& °p,g (1+Rm) '

Turbine power. - The output of the turbine in Btu per pound
of air is

ydat
D 7
a
W‘b = Ng Cp,g Tg (1+Rn) X - (:_P—> (315)

e
where
and

Gp’g = 0027

Unlt performance calculatlong. - The output of the gas- .
generator engine on the basis of Bbtu per cycle per cublc inch of
burner volwme ls




NpWiRg 144 By
Brake output = —J755- ;5:—.—-—

and the brake specific fuel consumpiion is

2545 Ry,

bafec =
MW

NACA RM ESOQHO8

(B16)

(17)

1

.
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APPENDIX C

PISTON-TYPE COMPRESSOR

The pressure ratio across the plston~type compressor uniguely
determines the scavenge ratlo of the piston~type burmer, as may
be shown by the following compresgor-cycle analysils, which uses
ag a basls the idealized pressure~volume indicator dlagrem of a
piston-type compressor:

4 S

Prassure

1 2

Volume
Inasmich a8 the temperature rise across the compressor is

based on the adliasbstic effleclency, for the ratlo of specific
heats of 1.395 ' :

T3 1 0.283
5-3—2-=1+H;-(Rp -1) (c1)

If the percentege of clearence C 1is defined es

M

ca"z-'u

vhere v - vy 1s the compressor displecement, then

T4 _C
72 .l+C

The weight of alr delivered by the compressor per cycle ls

(73 - 74) Pz

and the scevenge ratio Ry 1is
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L

V3 "~ V4 V3 ~ Ve :
Rg = Pz = ——/—— ©
b P3 M- 5
- =
when it is assumed that both the burner and compressor operate at
the same number of cycles per unit time. Because
PgVqg P173
Ty Ty
and
Ps's _ P2l2
T3 Tg
then
v -74=V'2<£§'E§'-E)
5 P Tz V2
and -
1 Tz c
73-74—VZ(RPT2-1+C) N
go that
r 21T _ _c
B " v Rp T, 1+C
and.

] |
B = T 5 [1 v e (@77 - 1)] -T5T (c2)

The value of C in this znalysis is 0.03, The volume ratio
vc/vb 18 determined from the limiting condlitions of engine oper-

gtion et an altitude of 20,000 feet and a scavenge ratio of 1.0.
For en unsupercharged compressor, the value of this ratio is 10.35.
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Varisble-dlsplacement compressor. -~ The dlsplacement of the
piston~type compressor may be effectlvely varied by controlling
the valve timing by means of some mechenical srrangement. It is
possible to decrease the displacement by: (1) closing the inlet
valve early, (2) oclosing the inlet valve late, or (3) closing
the exhaust valve late. Method (3) 1s the one comsidered in this
analyslis, end if X is the percentege of the piston stroke thab
the plston hes returned when the exhaust valve 1s closged late,
the scavenge ratic will then be

Ve | 1 1(0.283 ) X +C
RB=;;F£1+;|;% -1 -3 (¢3)
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APPENDIX D

HYDRAULIC SLIP COUPLING

1078

The hydraulic slip coupling is perhaps the simplest and most
practical means of obteining chenges in the speed of the first-
stage compressor. In eddition, the bydraulic coupling provides
gome shock end vibration isolatlion. Reference 4 lists some of
the design features of current slip couplings.

The plze of the coupling needed to tranemit the power to the
first-gtage compressor need not be excesslve because the torque
and the horsepower of the fluid coupling varles as the fifth power
of the diameter and only a relatively small change in diemeter
will be necessary to cover & large range in transmitted power.
Current fluild couplings can therefore be used In the ges-generator
engine with only & small variation in the size of the coupling
unit,

The type of hydraullc coupling considered in this analysis
is the scoop-control hydreulic coupling. Variations in speed of
the gecondary are made possible by means of an adjustable-scocop
tube, extending from the impeller sectlion to a rotating reservoir,
01l passes from the working eircuit through the nozzles provided
in the immer casing and collects in the roteting reservolr from
whlch 1t 1ls returned to the coupling circuit. The scoop tube
is mounted off center, so that in its fully extended position it
handles all the oll in the rotating reservoir, but when brought
to a fully retracted position, all the oil drains intoc the
regervolr end the coupling is fully disconnected. Varying the
scoop poslition from a fully extended to e fully retracted position
varies the speed of the secondary unit from maximm to zero
values,

In the type of fluid coupling oomsidered, in which there
is no torque-reaction member, the torque input equals the torque
output, and the efficiency 1s equal to the retio of secondary

to primery speed, so that

N
bp out _ s _
hpin - §, = s,2 (D)

where

Ny prinary speed, rps

Ky seoondary speed, rps .
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AFPFENDIX E

ROTARY COMPRESSOR

The rotary compressor in thils anslysis 1s consldered to be
elther & centrifugal or a mixed-flow compressor. Its performance
characteristics sre assumed to follow the same laws as those
under which a centrifugal compressor operztes.

The temperature rise across each stage 1s therefare

o [/p \0-283
AT = ;1-::; (P-f-) -1 - (E1)

where Tngg 1s the stage efficiency and Pp/P; is the pressure
ratio across the stage. The work required in Bitu per pound of
glr 1s

Wc = cp,a_ AT (EZ)

When speed chenges and thelr effects on the performence of the
compressor are consldered, it is convenient to use theé forms
Involving the pressure coefficient

P2

dgg = 98 °p,a. T:L <P—l- -1

)0 .283

where Vq 18 the tlp speed In feet per second. Because

Je o P 0.283
W, = ¢ “Dp.a "1 (i:?.) -1 (E4)
Nad 1

then

(ES)
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and
2 9eq YT
e |1 p ———— E6
B, ( * T8 op,a T3 (28)

Rotary compressor with elip coupling, - If the value K
represents the speed ratio of the alip coupling

N

8
K= i; = nsz (E7)

then the work put into the primary side of the slip coupling is

Qag Vo°

ea B (E8)

Hi+

We =

and if
VT = NSD

wvhere D 1s the diameter of the compressor

so that

and. inasmch as

For & glven compressor Np and D are constanta and are
gelected after determination of the operating range required.

.
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The pressure ratio is glven by the equation

A}

, o7\ 3.535
P, -_é--l-qadbz‘ﬂpz Ka)

Py Jg Cp.a T1

(EJLO)

When in this analysls a two-stage compressor 1s uged wilth the first
stage driven at & varlable speed, the value of K2 necessayry to
obtain a deslred over-all pressure ratlo across the compressors
may be found by the following procedure:

A )3 «535

Rp,'l"<1+K25T:'1'

where the constent A takes into account the dlameter of the
first-stage compressor, the speed of the primery member of the
coupling, the preassure coefficlent, and chp. Then,

T
1 0.283
T, = R -1+
2 nc,l ( P,l ncxl)

where T2 1s the temperature of the sir leaving the first stage,
end

B )3 .S535

%¢=@+g

where B 18 a constant that takes into account the diameter of the
second-stege compressor, ite speed, the pressure cocefflcient, and

chp. Row
2 oL 0.283 _
A Rp,l .

1 - 22
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so that

1
-1 ElLl
A l+_]§..< Tyl ) (1)
T A
P e

This equetion may be transposed into & quadratic equatiom in K2
from which K2 may easily be found.

Compressors in series. - When two compressors are conmnected in
series, the over-all efficiency is different from the stege effi-
ciencies. Because comparison of the performance in this analysis
is to be made with that of reference 1, 1t ies necessary to know the
relation between stage and over-all efficiency in order that the
over-all ccmpressor efficlency in this analysis at an altitude of
20,000 feet may equal the compressor efficlency at 20,000 feet
glven in reference 1.

The over-all adiasbatic efficiency 1s given by the equation

0.283
RPJO -1

fle;0 =7 3 7
1 (g ,0.285_1), [ 0.283 _4), IJ 0.283 _;
qo,l P,l ) nc,z ﬂo,l (RP:J- ) (RP,Z )
' (E12)

where

Rp,l Rp,z = Rp,o .(ElS)

8L0T
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APPENDIX F

TURBINE NOZZIE

The mess flow through & convergent nozzle with critical flow

is
2
P X 144 / 7-1
W= ,jz_g e;\/T—s- “{_%'V7Zl (7%1) (F1)
vwhere

weight flow, 1b/sec
area, 8q £t

W
A
R  gas constant, £t<1b/(1b)(°R)
it

Y = 1,34
and
R = 53,35
then
) Pe
We 78,35 A ~—— (¥2)

-3

This mass flow mist be equel to the sum of the air flow through
the burner and the fuel flow. This

- Py 8Vy  78.35 4 Pe
144 e - el B —
RTETOR

8o that

Zo Tz
— = R = (L+R,) where 6 =
$, "B 75,350 T En

A
N'Vb
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but .
l.a_e_ =1 - 1 .__R_g__
Py T,/ \0.0810
so that if
— (o]
Tg = 2260° R
(1 + Ry)
0.5862 (f-: - 120.8 st
and 5 )
4990 (1 + Rp) 0.7065 (1 + Ry)
1
Ry = 755 r\/b = + 82.8 Tp - 5 (F4)

For flxed turbine-nozzle-sree operation, the value of turbine-
nozzle ares is fixed at that requlired for operation at en altitude of
20,000 feet at a scavenge ratio of 1.0, a peak burner preassure of
1800 pounds per square inch absolute, and a turblne-inlet mressure
of 2260° R. This value of bturbine-nozzle area .6 was 0.001686 square
foot per cublc foot of burner volume per cycle per second.

When a fixed-turbine-nozzle ares is used in conjunction with
the reciprocating compressor, it 1s necessary that the operating
condltions, for which the scavenge ratio determined by the reclp-
roceting compressor equals the scavenge retio determined by the
turbine nozzle, be obtalned by means of & grarhical sclution.

Other graphiocal solutions are, of course, necessary even I1f the
turbine-nozzle area is not fixed asg there ls no convenlent expresaion
relating bhurner-inlet pressure, burner-expansion ratio, and mixture .
ratio to the limiting conditions of peak burner pressure and turbine-
inlet temperature.

REFERENCES

1. Tauschek, Max J., and Biermsnn, Arncld E.: An Analysis of a
PistonType Gas-Generator Engine. NACA EM No. E7I10, 1948.

2. Foster, Hampton H., Schuricht, F. Ralph, and Tauschek, Max J.:
Experimental Study of Loop-Scavenged Compression-Ignition
Cylinder for Ges-Generator Use. NACA RM No. ESL30, 1949.

1078



8L0T

NACA RM ESOHOS 29

3. Hersey, R. L., Eberhardt, J. E., and Hottel, H. C.: Thermo-

dynemic Properties of the Working Filuid in Internsl-Combustion
Engines.

SAE Jour. (Trans.), vol. 39, no. 4, Oct. 1936,
pp. 409-424.

4. Alison, N. L.: Fluid Tranemission of Power. SAE Jour. (Trans.),
VOl. 48’ NO e l, Jall. 1941’ pp- 1-8.



0%

Two-stroke-cycle
compresslon~ignition
Raduction engine Compressor
geaxr Furbine Gear

LA A W aaa v

Figure 1. - Diagrammatlc sketch of gas-generator engine used in analysils {reference 1).
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Constant-
Two-atroke-cycle preasure-ratio
- compresslon~ compressor

Turbine ignition
[ NFE N
Gear ;
= | £7]

B8LOT

(s} Constant-pressurs-ratio compressor with throttled inlst,

Second-~ Pirat-
stage stage
constant- canstant~-
Pressure- pressure-
Two-stroke-oycle ratio ratlo
campress lon- compresaor compresgpr
Turbine ignition
N englne Vil
Gear fagn
Gear
Three-

apasd
- goar

(b) Multistege constant-presasurea-ratic compressor with
firast stage driven by three-apead gear.

Second- Flrst-
stage stage
constant-~ constant~-
presaure~ pPresaure-
Twao-stroke-cycle ratic ratioc
compression- compressar compresscr

Turbine ignition
engine f
Gear { —~ 1\ f_———'j\ f }

= =

> Hydrauliec

(e} Multistage constant-preasure-ratic compressor with
first stage driven by hydraullc slip coupling.

Filgure 2, Schematlc diagrams of syatems used in analyais,
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Two-stroke-cycle
Turbine compression-
ignition Conatant~volums

/—‘_‘—__\ngine compressor
ear [ — />
il 4.

%

=
Py
(d) Conatant-volume single-stage compressor or
constant-volume compressor with means of
verying the volumetrlis capacity.
Two ~stroke-cycle
Turbine compreasion-
- lgnition Constant-volume
o N engine compressor
Geaar j z
/ o
- B
(e) Constant-volume compresser with throttled inlet.
Pirst-
stage
Second-stage constant-
constant- pressure-
Two-stroke-cycle volume ratio
Turbine compression- compressor compressor

ignition

7~ ‘S engine
tear

| 0

Hydraulie
alip = .
coupl ing ‘~~&.Q£é:;

(r) Multiatage compresaor comprlsing constsnt-pressure-ratio
first-stage compressor driven by hydraullc alip coupling followed
by finel-stage constent-volume compressor,

Flgure 2. - Concluded. Schematic diagrama of syatems used In analysis,

8L0T



33

NACA RM ESCHOS

i

s0x10°

50

10x10~>

0
H g o [ ] e ©

(*ut no) (eTolo)/3J nw
‘40TJ oEMTOA joTup-Jousoddwocy

-

n

30x1.0-8

o =]
] Ll

(*uy no) (eToka)/qT
‘moty ..Emwo.ﬁ. no-nomnEou

70

8 ¢ 8

ofjwd eaneseud Josselduwo)

&

N
Al

Altitude, ft
Figure 3. - Compressor requirementa of 1deal gas-generatsr englne,

Scavenge ratio, 1.0.
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Brake output,

Btu/(eyele)(ou in.)

Peak burner
presaure,
1b/sq in.

Manifold pressure, 1lb/sq in. absolute

bsfc, 1b/bhp-hr
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Figure 4.- Comparison of performance of 1deal gas-generator
engine with that of gas-generator engine incorporating
throttled rotary compressor driven at fixed gesr ratlo
and turbine having f’xed-area nozzle.
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Manifold presawre, 1lb/sq in, absolute
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Figure 5.- Comparison of performance of 1deal gas-generstor
engine with that of gas-generstor engina Incorporating
two-stage rotary compressor with first stage driven by
three-speed gear and turbine having fixed-area nozzle.
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Brake output,

Btu/(cycle){ou in.)

Peak burner
pressure,

1bv/sq in,

Manifold pressure, 1b/sq 3n. abaolute

bafe, 1lb/bhp-hr
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Flgure 6.- Comparison of performance of ideal gas-gensrator
engine with that of gas-generator engine incorporating
two~atage rotary compressor with firat stage driven by
9llp coupling and turbine having fixed-ares norele.

-



1078

NACA RM E50HOB

Brake output,
Btu/(cyele }{ou in.)
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Figure 7.- Comparison of performence of ideal gas-generator
engine with that of ?s-generator engine Incorporating :
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fixed-displacement p

having fixed-area nozzle.

ton=typs compressor and turbine -
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Plgure 8.~ Comparison of performance of ideal gas-generator ~
engine with that of gas-generator engine Incorporating
throttled fixed-displacement plston-type compressor sand
turbine having fixed-area nozzle,
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FPlgure 9.~ Comparison of performance of ideal gas-generator
engine with that of gas-generator engine Imcorporating
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Flgure 10.- Comparison of performance of ideal gas~generator
engine with that of gas-generator engine incorporating
rixed-displacement compreasor, a supercharger driven by
8lip coupling, and turbine having fixed-ares nozzle.
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Figure 12.- Comparison of performance of gas-generator engine
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